A study has been made of the protons emitted by magnesium, aluminium and silicon targets when bombarded by deuterons of energy between 700 and 1000 keV. The Q values of these (d, p) reactions have been accurately determined. Observations o induced radioactivity in the targets and comparisons with the Q values in analogous nuclei permit tentative assignments to the isotopes responsible. The Q values and assignments are: 
The nuclear masses of elements in the Periodic Table between neon and sulphur are not known with the same accuracy as those of lighter elements. The masses of the nuclei 20Ne, 27A1 and 32S have been determined with an error of less than 10~4 mass unit with the mass spectrograph, but mass values for many other nuclei in this region depend to a large extent on disintegration data (Livingston & Bethe 1937; Pollard 1940; Fluegge & Mattauch 1943) . The accuracy of these published values depends directly upon the precision of the measurement of the energy releases ( Qvalues) in (<x,p) and (d',p) reactions, which depends in turn upon the accuracy with which the energy of the bombarding particle can be defined and th at of the emitted proton determined. For (ot,p) reactions, the published Q values have large probable errors mainly because natural a-particle sources have lpw intensity, but in (d,p) reactions considerably greater accuracy can be obtained.
This paper presents the results of measurements of the Q values of the (d,p) reactions in magnesium, aluminium and silicon; the errors are estimated to be about 0-05 MeV (5 x 10-5 mass unit). A short account of some of this work has been published previously (Allan & Clavier 1946) . The Q values themselves are all of the order of 5 MeV, and the experiments therefore provide also a means of investigating the energy levels of the residual heavy nuclei up to this level of excitation. In the past this type of work has been confined chiefly to elements of lower atomic number, for which the level spacing is about IMeV; with increasing mass the spacing is expected to decrease.
The (d, p) disintegrations of elements between neon and sulphur have hitherto been investigated almost exclusively by using a cyclotron as the source of bombarding particles (McMillan & Lawrence 1935; Schultz, Davidson & O tt 1940; Pollard 1940; Pollard & Humphreys 1941) . In the experiments of Pollard and his collaborators the energy of the bombarding particles was between 3 and 4 MeV, and could be defined to an accuracy of 0-18 MeV (Martin 1947) . This definition can be improved by the use of a high voltage equipment for accelerating the deuterons (Cockcroft & Walton 1934; Burcham & Smith 1938; Murrell & Smith 1939) , but only energies of up td 1 or 2 MeV may then be available which means th at the incident deuteron must penetrate through the potential barrier of the bombarded nucleus. For the elements under investigation the probability of barrier penetration by 1 MeV deuterons is about 0-001, and large bombarding currents are required to give a sufficient yield; in the present work, currents of about 50 j ua t an were used. Under these conditions, lighter elements present on the targets as con taminants give a relatively copious yield of neutrons, which are particularly trouble some in that they produce a high background counting rate in the chambers used for detecting the protons; statistical fluctuations in this background set a lower limit to the detectable yield of protons. Elements of atomic number greater than th at of phosphorus give too small a yield and cannot easily be investigated at a voltage less than lOOOkV.
In § 2 (a) of this paper the experimental methods used for measuring proton ranges are described; in § 2 (6) the results of these measurements are given, and the Q values to be associated with the (d,p) reactions in magnesium, aluminium and silicon are tabulated, while the excitation functions are considered in § 2 (c). § 3 deals with the radioactivity of the targets after bombardment. In § 4 a general discussion on the assignment of the observed Q values is given, and a tentative table of nuclear masses put forward. ration of M g , A l and Si by deuterons 133 2.. P roton range measurements
(a) Method
The experiments were carried out with the Cambridge 1 million volt high-tension apparatus; the magnetically resolved deuteron beam of 50ju,A at 930+ 15 kV fell on a target area of about 1 cm.2. The targets to be bombarded were prepared on t T F igure 1. Apparatus for measuring proton ranges. U S , ebonite; § §5|, polythene; I, ionization chamber; A, air cell; T, target chamber.
gold-plated copper buttons, which screwed into the water-cooled copper block B in the target chamber (figure 1). This chamber was substantially the same as th at used by Burcham & Smith (1938) . Rotation of the vacuum-tight ground joint G enabled any one of three target buttons to be brought into the path of the ion beam.
Magnesium and aluminium were deposited on the target buttons by evaporation of the metal in vacuo, and silicon was cut in the form of a slab from a fused lump of the element.
Particles emitted from the target a t right angles to the deuteron beam emerged from the vacuum system through two mica windows in the target chamber walls (M, and another out of the plane of the diagram in figure 1), and then entered the detecting chambers. In the first experiments with magnesium and aluminium these were two shallow air-filled ionization chambers, 3*5 mm. deep, each connected to a linear amplifier, discriminator and scaling unit. The voltage pulses from the amplifier due to protons entering the ionization chamber were greater than the noise level of the amplifier only when the proton residual range was less than 2 cm., the maximum amplitude being about twice the noise level. The discriminator was adjusted so th at the amplifier noise was just not recorded; thus only protons entering the chamber within 2 cm. of the end of their range were counted and a numbersrange curve, obtained by varying the absorption between target and ionization chamber, showed several peaks corresponding to the various proton groups. To allow for fluctuations in the counting rate due to changes in the deuteron beam current, and for changes in the target itself under bombardment, one of the ioniza tion chambers was used as a monitor (Burcham & Smith 1938) . The absorption be tween the target and the monitor was such th at protons belonging to one of the groups emitted by the target element were counted. Readings with the other (search) ionization chamber were corrected to a standard level by using the monitor counts.
The search ionization chamber was connected to the target chamber by a cell containing dried air, and the absorption between it and the target could be varied by placing mica sheets in front of the target chamber window and by adjusting the air pressure. The temperature remained between 21 and 22° C throughout the experiments. A pressure of 1 cm. of mercury in the cell represented an effective stopping power between target and ionization chamber of 0*101 + 0*001 cm. air at 15° C and 760 mm. The stopping powers of the mica absorbers were found both by weighing and by noting the changes of air pressure in the air cell equivalent to the addition of absorbers, the numbers-range curve for a well-known group of protons being used in this comparison. The use of an air cell is preferable to movement of the ionization chamber as a whole, since it ensures a definite and reproducible geometrical arrangement between the target and the ionization chamber. Figure 2 shows the numbers-range curve obtained for the proton group resulting from the bombardment of beryllium by deuterons. From this curve an extrapolated range (28*49 + 0*3 cm. of air) was obtained in the usual way by producing the straight descending portion of the curve to intersect the background counting level. This extrapolated range was corrected by the method of Livingston& Bethe (193 7) for good geometry in order to obtain the mean range of the proton group (28*51 0*4 cm. of air). The method used includes a correction of -0*28 cm. of air for range straggling, angle straggling, and thickness of target, and a correction of + 0*30 cm. of air for variation of the stopping power of mica with velocity. The energy of the proton group was obtained from the mean range by using the range-energy relation given by Livingston & Bethe. The Q value for the beryllium (d,p) reaction was found by this method to be 4*59 ± 0*05 MeV in good agreement with previously accepted values (Oliphant, K em pton& Rutherford 1935; Livingston & Bethe 1937 ). This agreement indicated th at the method used for range measurement was tru st worthy, and it was applied in the analysis of the proton groups found in the transm utation of the other elements investigated in this work.
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range in cm. of air F igure 2. Protons from beryllium.
In the bombardment of magnesium and aluminium there was an undesirably high background counting rate in the ionization chambers due to neutron recoils. With the object of discriminating against such neutron recoils, the ionization cham ber was replaced by a proportional counter and appropriate amplifiers, with which it was found possible to obtain pulses ten times the amplifier noise level. This permitted an increase in discriminator bias, to give both higher resolution in range for the proton groups and a lower background. The proportional counter was therefore used in the work on silicon where the proton yield is lower than for magnesium and aluminium; the target box of figure 1 was not used in this work, and the geometrical arrangement was not so good since the available intensity had to be increased as far as possible. Mica absorbers only were used to vary the absorption between the target and the proportional counter, and the ranges were determined by measuring the difference between the range of the group concerned and th at of a well-known group. The performances of the ionization chamber and the proportional counter are compared in figure 3 (6), which gives the numbers-range curve for aluminium taken by both methods. The better resolution and lower background of the pro portional counter are clearly shown.
(6) Results
The numbers-range curves for magnesium, aluminium and silicon bombarded by 930 keV deuterons are shown in figures 3 (a) and (6) In the last column of table 1 the results of other workers are listed; some of these are calculated from the list of mass values published by Pollard (1940) . Schultz, Davidson & Ott (1940) , working with a cloud chamber ai d using 3-2 MeV deuterons, found indications of fine structure in the proton groups from aluminium, but this is not confirmed in the present experiments. The Q values calculated from the masses given by Pollard (1940) and by Flu^gge & Mattauch (1943) for the mag nesium and silicon isotopes suggest th at groups of longer range (about 100 cm.) were missed in the present experiments, the reactions concerned being 25Mg {d,p) 26Mg and 29Si { d , p )3 0Si. A careful search was made in each bombardment for proton groups of ranges up to 150 cm., but none was found above the neutron background.
(c) Excitation function
The variation of the yield of the proton groups from magnesium and aluminium at bombarding voltages between 700 and lOOOkV was determined using thin targets (figure 5). The target thickness could not be estimated accurately but was probably less than 10 keV equivalent, as resonances observed in the reactions 26Mg (p, 26A1 and 27A1 (p,y) 28Si had widths of about 30keV, which is of the same order as th at of the beam energy distribution. The resonance apparent for one of the magnesium proton groups is referred to in §4 (6).
Radioactivity
The deuteron bombardment of magnesium, aluminium and silicon may result in the formation of a number of different radioactive nuclei, as shown by the following reactions (Seaborg 1944):
(1) 26M g(d,p)27Mg 10-2 min.
. r The nucleus26A1 can also be formed from magnesium by proton bombardment in accordance with the reaction (6) 25Mg (p, y ) 26 Al.
If reactions (1) and (4) are responsible for certain groups of protons observed in § 2 (6), then the activity of the resultant nuclei, 27Mg and 28Al, should be detectable. The radioactivity of the targets after bombardment was therefore examined.
(a) Magnesium
After a day's bombardment, the magnesium target was removed from the target chamber and its /^-activity followed for several days. The decay showed three dis tinct components of half-lives 10 min., 2*1 hr. and 14-8 hr. P art of the decay curve, with its 2-1 hr. and 14-8 hr. components, is shown in figure 6 .
The 10 min. activity was found by a rough magnetic analysis to consist chiefly of positrons, presumably coming from 13N formed by the reaction 12C (d, n) 13N in the carbon contamination; about 1/20 of the activity, however, consisted of electrons, and was attributed to 27Mg formed according to reaction (1).
To permit a comparison of the intensity of the 27Mg activity with th at of the observed proton groups the /^-active target and an end-on /?-counter were mounted in the same geometrical conditions as the target and ionization chamber during proton measurements. W ith allowances for decay and for the 10 min. positron activity, the number of /^-particles th at would have been counted a t the time of ending the bombardment was found to be 7000 per min. This should also be the number of protons per min. from the reaction 26Mg (d,p) 27Mg; a direct determination for the 31 cm. group gave only 2000 per min., which is not unacceptable con sidering the rough nature of the comparison. The 14-8 hr. activity was attributed to 24Na, and the assignment confirmed by determining the energy of the /^-particles from their range in aluminium. There is the possibility th at the 24Na might have been produced not by reaction (2) but by the alternative process 24Mg (n,p) 24Na from neutrons formed in the 2H (d, n) 3He reaction with adsorbed deuterium on the target. This possibility was excluded by mounting a second magnesium target close behind the first, where it could not be hit directly by the deuteron beam, but would be irradiated by the neutrons. No activity was detected on this second target. Traces of sodium contamination on the target might also have led to the formation of 24Na, but spectroscopic analysis of the magnesium ribbon used for making the targets failed to show the presence of sodium.
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The activity of half-life 21 hr. evident in figure 6 was assigned to nucleus 18F, since absorption measurements gave the /?+ particle energy as 0-92 MeV (Seaborg, 1944, gives 112 min. and O'7 MeV for 18F). This might have been formed in the reaction 170 (d, n) 18F (Welles 1941) from oxygen contamination on the targets.
Observations on the short-period decay of magnesium targets are shown in figure 7 . The observed half-life of 7-0 ±0*2 sec. was attributed to 26Al formed in accordance with reaction (3). The same period has been found previously in a number of reactions-2£iNa (a, n)26Al, 25Mg (p, y)26Al, 26Mg (p, n) 26Al, 27A1 (y, n) 26A1 -but measurements of the /?+ energy vary from 1-8 to [4] [5] [6] MeV (Frisch 1934; Magnan 1937; White, Delsasso, Fox& Creutz 1939; Curran & Strothers 1939; Huber, Lienhard, Scherrer& Waeffler 1943) . The absorption of the /?+ particles in aluminium was investigated by measuring the short-period /?+ counting rate after successive bombardments (each lasting 20 sec.) but with different thicknesses of aluminium between the target and the counter; the results ( figure 8) give a fi+ energy of 2*8MeV.
The same decay period and /?+ particle absorption were also obtained by bom barding magnesium with protons (Curran & Strothers 1939) , as would be expected from reaction (6). White et al. suggest th at 25A1 may also be bombardments by the reactions 24Mg (d, n) 25Al and 24Mg (p, y) 25A1, and th at the 25Al may have a period and /?+ particle energy closely similar to those of 26Al. No complexity is apparent in the curves, however, and the results for the ( and (d, n) reactions appear identical, though the relative amounts of 25Al and 26Al present might be expected to be different. There is thus no evidence for the formation of 25Al. Figure 9 shows the variation of the intensity of the 7 sec. /?+ activity, i.e. of the amount of 26A1 formed, on bombarding a magnesium target with deuterons 'of different energies. The resonance is referred to in § 4 (6).
The 20 min. positron activity, found by Ridenour, Delsasso, White & Sherr (1938) after the bombardment of magnesium by 3*8 MeV deuterons was not observed, being masked perhaps by the strong 10 min. positron activity from 13N.
(b) Aluminium
The 2-4 min. 28A1 formed according to reaction (4) was detected in aluminium targets after deuteron bombardment. I t was necessary as with magnesium to use a magnet to reduce the background due to positrons from 13N. The rapid decay of the activity while the background was still intense prevented accurate measure ments being taken.
The decay in activity of an aluminium target after it had been bombarded for several hours showed the presence of 18F (2-1 hr.) due to oxygen contamination, and also a small amount of 24Na (14*8hr.) probably due to the (d,p) reaction in sodium contamination. The 24Na activity might have come from the reaction27Al (n, a) 24Na, the neutrons being produced at the target by a mechanism already discussed for magnesium, but an aluminium plate placed behind the target during the bombard ment showed no subsequent activity, and this explanation is therefore unlikely. (c) Silicon The silicon target after deuteron bombardment showed the presence of an activity decaying with a half-life of 175 min. as expected from reaction (5). Allowing for decay and geometrical factors the yield of /^-particles a t the time of ending the bombardment was found to be 260 per sec. This number should also be the number of protons per sec. from the reaction 30Si (<J,p)31Si; but the actual counting rate for the proton group assigned to the reaction is only 20 per sec. Table 1 , column (3), gives the Q values associated with the proton groups observed in the bombardment of magnesium, aluminium and silicon by deuterons. The isotopic constitution of magnesium and silicon is: 24Mg 77*4 % 25Mg 11*5 % 26Mg 11-1% (Mattauch) 28Si 92-2 8 % 29Si 4-6 7 % 30Si 3-0 5 % (Inghram) and since each of the proton groups observed in the bombardment may arise from any of the isotopes of th at element, the assignment of each to its proper reaction is not easy. In the first announcement of the results of the present work (Allan & Clavier 1946) the Q values to be expected from the possible {d,p) reactions in the magnesium isotopes were calculated from the masses published by Mattauch (1946) , and the proton groups were assigned to give the best possible fit with these calculated Q values. Recent work (Elder, Motz & Davison 1947; Bleuler & Zuenti 1947) has shown th at the masses published by Mattauch need revision; also the method be comes ambiguous since the probable errors in the calculated Q values may be of the same order as the differences between them (0*5 MeV). For these reasons the attem pt to obtain detailed agreement between observed and calculated Q values has been abandoned; and different assignments of the proton groups have been made, based on the assumption that in a sequence of nuclei of the same isotopic number but with mass numbers differing in multiples of four, the Q values for similar reactions lie on a smooth curve. (See, for example, Barkas 1947.) This method becomes unreliable where there is a discontinuity in the variation of binding energy with atomic number, i.e. where a new nuclear shell is formed. There is, however, no sure evidence for this before mass number 40 in the range considered. 
Disintegration of Mg, A l and Si by deuterons
Discussion (a) Assignment of proton groups and mass values
None of the observed Q values falls anywhere near the predicted value for the reactions 25Mg (d,p) 26Mg or 29Si (d,p) 30Si. I t may be th at the predicted long-range proton groups exist (range about 100 cm.) but have not been detected because they are of low intensity at 930 kV bombarding voltage, or have a non-isotropic angular distribution with a minimum at the 90° angle of observation used in these experiments, f The Q value of 4-45 MeV found with magnesium could be assigned to the reaction 24Mg {d,p)25Mg and if so, would indicate an excited state in the 25Mg nucleus at 0-581VfeV. The excitation function , of the group corresponding to this Q value (figure 5) is, however, different from th a t for the group corresponding to the transition to the ground state of 26Mg, and is similar to th a t for the reaction 25Mg (d, n)2 6 Al. Thus it is perhaps more likely th a t the 4*45 MeV group arises in the reaction 25Mg {d,p) 26Mg* (see §4 (6) ). If this is so, the difference between the observed and the calculated energy release would indicate th a t the 26Mg nucleus is left in an excited state at about 4 MeV. Other excited states, a t 1*85 and 3*00 MeV were reported by Pollard & Humphreys (1941) .
The interpretation of the results for aluminium, which has a single stable isotope, 27Al, presents no difficulty. The maximum energy release of MeV fits well with the series of Q values in analogous reactions with 19F (4-3), 23Na (4-76), 31P (5*9), and 35C1(6-31) The Q values 3-75 and 4-87 MeV have been assigned to 28Si, thus indicating excited states in the 29Si nucleus a t 1-3 and 2*4 MeV, only because 28Si is the most abundant isotope (92-3 %).
On the basis of these assignments, and taking into account the results of other workers, a new set of mass values has been drawn up in table 2. The masses given are derived from two standards, the mass spectrograph value for 27A1, 26-98980 ± 0-00008 (Fluegge&Mattauch 1943) , and the mass of 24Mg, 23-9927 ± 0-0004, which is obtained from the mass of 23Na (Elder, Motz & Davison 1947) and two well-known Q values (Murrell & Smith 1939; Siegbahn 1946) . The thin target excitation functions for the proton groups from magnesium and aluminium (figure 5) all show a rapid increase in yield between 700 and 1000 kV This is to be expected owing to the increasing probability of penetration of the Coulomb barrier by the incident deuteron; in all cases the protons observed are emitted with an energy greater than the barrier height and the yield of the reaction is therefore governed by the energy of the incident particle.
The ratio of the probability of the (d, oc) and (d,p) reactions in 26Mg was estimated frpm the intensity of the 24Na and 27Mg activities to be 7/1000 at 930 keV deuteron energy. This is consistent with the observations of Henderson (1935) and Bothe (1944) a t higher energies; the intensity difference is to be ascribed principally to the different penetrabilities of the potential barrier of the 27Mg and 24Na nuclei for the emitted proton and a-particle. A rough estimate of the ratio of these penetrabilities was made using Bethe's formulae (1937) with the values for the nuclear radii given by Amaldi et al. (1947) . The result, 1/350, is of the same order as the ratio of the activities.
The excitation function for the group tentatively attributed to the reaction 25Mg (d, p) 26Mg* shows a broad resonance a t 955 ± 15 kV. A resonance a t 975 + 15 kV was found in the yield of radioactive 26Al formed in the reaction 25Mg (d, n) 26Al. Both resonances may plausibly be identified with an excited state of the same compound nucleus, in agreement with the above assignment. The compound nucleus 27A1 has an excitation energy of at least 17 MeV, and, according to current theory, a continuum of overlapping levels is expected at this excitation. Broad resonances have, however, been observed before in ( d , p) reactions Richards & W att 1941; Martin 1947) , and may indicate the operation of selection rules which reduce very considerably the number of levels effective in the particular disintegration.
